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I ntroduction

Mid-Americais aregion of moderate seismicity. Infrequent moderate to large events had
occurred in the past and can occur again and cause large losses. The performance of the
building stock and other structures under future earthquakes is a serious concern.  The mgjor
threats of future seismic events come from the New Madrid Seismic Zone (NMSZ) and
severa other areas of moderate seismicity. As ground motion records of engineering interest
in this area have been scarce, to evaluate the performance of buildings and structures and
estimate loss/cost, simulation of future events based on current data and knowledge is
necessary. A method of ssimulation is developed for this purpose. The method is based on the
latest information of seismicity in this region, the most recent ground motion models and
simulation methods appropriate for engineering applications in this region. A strong
emphasis is placed on uncertainty modeling and efficiency in application to performance
evauation and fragility analysis. The procedure may be improved as more knowledge on
earthquakes in this region and more accurate and efficient methods of ground motion
modeling become available. A brief description of the method of smulation and results
obtained for three Mid-America cities is given in the following.

Selection of Locations and Soil Profiles

Site locations of specia interest in this study are Memphis TN (35.117°N, 90.083°W),
Carbondale IL (37.729°N, 89.246°W), and St. Louis MO (38.667°N, 90.190°W). These cities
are selected for study because they present a cross-section of the mid-America cities at risk.
Since ground motions are strongly dependent on local soil condition and yet the soil profile
variation within a city has not been mapped in detail, in this study the soil condition of a city
will be assumed to have small variation and can be approximately modeled by a generic
profile. Ground motions at the bedrock, however, will also be generated for these cities that
if detailed information of local soil variation is available, one can use appropriate soil
amplification computer software to obtain the surface ground motions.

M ethod of Simulation

The ground motion simulation method basically follows the procedure proposed by
Herrmann and Akinci (1999) that is largely based on Boore' s point-source simulation method
SMSIM (1996). To catch some of the important near-source effects due to large events,
however, the finite fault model by Beresnev and Atkinson (1997, 1998) is aso used for
magnitude-8 events. The soil amplification is modeled by the quarter-wavelength method by
Boore and Joyner (1991, 1997). The tectonic and seismological data are mainly taken from
USGS Open-File Report 96-532 (Frankel et al. 1996). A large number of possible future
events and ground motions are generated from which uniform hazard response spectra



(UHRS) are obtained for each city for exceedance probabilities of 10%, 5%, and 2% in 50
years. Findly, to facilitate fragility analysis, suites of 10 ground motions are selected from
the large pool of smulated ground motions such that the medians of the response spectra of
the suites match those of UHRS in a least square sense at two probability levels, 10 % and
2% in 50 years. UHRS can be used directly for probabilistic performance (fragility)
evaluation of linear structures and suites of ground motions can be used for the same purpose
of nonlinear structures. Details of the ssmulation method are given in the following.

Reference Area and Occurrence Model

All probable earthquake sources in the Central and Eastern United States (CEUS) are
considered; for a given city, however, only those that fall within the reference area (effective
zone) of the city thus have significant contributions to the seismic risk are used in the
simulation. Different cities may share some of the seismic sources and hence the same
simulated seismic events. Considering the relatively low attenuation in the CEUS, the
effective zone is defined as a circular area with a radius of 500 km centered at a specific site
location, a value used by most researchers (e.g. USGS OFR-96-532). Only earthquakes with
body wave magnitude greater than 5 are considered. The statistics of occurrence and
magnitude from the USGS OFR-96-532 are used in the smulations. Fig. 1 shows the annual
occurrence rate per 0.1° 0.1degree square for earthquakes of magnitude 5 or larger for the
zone of interest. The occurrence in time is generated according to a Poisson process. The
magnitude given the occurrence is then generated according to the magnitude distribution for
events of magnitude less than 8 following 1996 USGS Open File Report. The magnitude-8
events are generated separately using Poisson process with a mean recurrence time of 1000
years (Frankel et a. 1996) and with an epicenter uniformly distributed within the New
Madrid fault zone shown in Fig. 2. A total of 9000 simulations of 10-year period are carried
out. As aresult, 9260 ground motions are generated in Memphis TN, 9269 in Carbondale IL
and 8290 in St. Louis MO. Fig. 3 shows the epicenters and magnitudes of earthquakes
corresponding to 600 simulations of 10 years record in the region of interest in CEUS. The
four cities under study are aso shown to show the proximity of the events to each city. It
corresponds, therefore, to about 6000 years of records. Most of the events are in the NMSZ
and the East Tennessee Seismic Zone. According to the smulation results, the occurrence
rates of earthquakes of magnitude 5 and above in the reference areas for Memphis,
Carbondale, and St. Louis are 0.0989, 0.0980 and 0.0882 per year, respectively. These
values are very close to the actual occurrence statistics.

Source and Path Models

The majority of the seismic sources are modeled as point sources due to lack of
knowledge on the fault structure in the CEUS. However, the finite fault model is used for
earthquakes of moment magnitude 8 in the New Madrid Seismic Zone since the
seismotectonic information of such events is better known. The earthquake occurrence is
assumed Poissonian for all events including the magnitude-8 earthquakes. For point sources,
the two-corner-frequency model (Atkinson and Boore 1995) for generic S-wave type ground
motions on hard rock is used since this model has been shown to give better ground motion
prediction in the CEUS (Atkinson and Boore 1998). To account for near-field effects of
large earthquakes, the fault plane of a magnitude-8 event in New Madrid Seismic Zone is
divided into a number of sub-faults, each treated as a point source. The resulting ground



motion is a combination of waveforms from different sub-faults accounting for difference in
arrival times and path attenuation. This so-caled finite fault model by Beresnev and
Atkinson (1997, 1998) emphasizes the effects of fault dimension, rupture propagation,
directivity, and source-receiver geometry. The one-corner-frequency point-source model
(Brune 1970, Frankel et al. 1996) was used for each sub-fault. The examples of application in
Beresnev and Atkinson (1997,1998) showed that the model produces ground motions that
match well earthquake records on rock sites in the 1985 Michoacan, Mexico, the 1985
Vaparaxso, Chile, the 1988 Saguenay, Qumbec, and the 1994 Northridge earthquakes. For
soil sites, however, their model tends to overestimate the ground motions because of soil
nonlinearity which is not considered. More detailed descriptions of the models are given in
the following.

Point-Source Model
The mathematical form for the Fourier amplitude spectrum of the point-source model is:

A(M,,R, )= E(M,, f)>D(R, f)>P(f)>1(f) ()

in which, f is frequency (Hz), R is focal distance, and My is the moment magnitude. The
various functions are:

i

!
E(M,, 1)=C %2pf ) xM, 4 ——C_+
—
1
|

f o1
ey s

ua
.I.
> i/ , Source spectraum 2

in which, C :m
4p ¥ xp®

R, = 0.55, radiation pattern
F =2, free-surface amplification
V =0.7071, partition factor
r = 2.8 gm/cnt, crustal density
b = 3.6 km/sec, shear wave velocity
e = weighting parameter
fa, fs (HZ) = corner frequencies
loge =2.52- 0.637xM,,
log f, =2.41- 0.533xM,,
log f; =1.43- 0.188xM,,
Mo - 10]_5>MW+16.05 (dyne'cm)
D(R, f)=Dy(R):D,(R f), diminution factor (3
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The total duration T consists of source and path durations. The latter takes a tri-linear
form of source-site distance (Atkinson and Boore, 1995):

T=T,+T, (6)
in which, Ris hypocentral distance (km) and

Sourceduration T, = 1 (sec)
2xf,
i0 if RE£10km
_10.16XR- 10) if 10£ RE 70km

Path duration Tp—|96 0.03 .
j9.6- 0.03(R- 70) if 70£R£130km

§7.8+0.04XR- 130) if 130£ RE£1000km

The focal depth is modeled as a random variable following a specified distribution given in
Table 1, based on historical data (EPRI Report, 1993, Wheeler and Johnston, 1992,1993).

Finite Fault Model

For the finite fault model, a rupture plane of 140 km (along strike) by 33 km (along dip)
(Johnston 1996) with a vertical strike-dlip faulting and 34.69° azimuth is assumed, which is
an approximate estimate based on USGS OFR-96-532. A total of 64 (16x4) sub-faults are
used. The anelastic attenuation Q(f) = 670*f > is used following Beresnev and Atkinson
(1998). The epicenter is assumed to occur equally likely within the NMSZ zone shown in
Fig.2. The orientation of the fault is assumed to be along that of the NMSZ. Once rupture
occurs, it propagates toward both ends of the rupture surface. The dlip distribution (asperity)
within the rupture surface is modeled by a correlated random field according to Saikia and
Sommerville (1997), Sommerville et a (1999) with the following wave number spectrum.
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in which k and k, are the wave numbers and G and G, are correlation length constants
depending on magnitude. This random field model is then modified to ensure larger dlip in
the middle than at the edge of the rupture surface, a feature observed in recent earthquakes.

A stress drop of 200 bars is used for the finite fault model. A drop 150 barsis also tested for
finite fault model. As expected, it causes lower spectral values in low frequency range in the
2% in 50 years hazard level. Loca soil profiles are also used in conjunction with this model.

Local Ste Effect/Soil Amplification

Soil amplification due to local sSte soil profile is considered. The quarter wavelength
method (QWM) (Joyner et. al., 1981, Boore and Joyner, 1991, Boore and Joyner, 1997,
Boore and Brown, 1998) is used to model the soil amplification. Soil profiles are based on
boring log data in Memphis, Carbondale and St. Louis (Hashash, Herrmann,1999). The
amplification is approximated by

A=4robg/T g (8)

in which r and b are the density and shear wave velocity at the source(subscript 0) and

site(subscript s). At the site, the frequency-dependent effective velocity bs is defined as the
average velocity from the surface to a depth of a quarter wavelength for a given frequency.
At high frequency, the soil attenuation is accounted for by

P(f) = exp(-pkf) ©)

inwhich k is aterm that accounts for shear velocity and damping over the soil column.

According to Herrmann and Akinci (1999), k = 0.063 sec, 0.043 sec and 0.0076 sec for
Memphis, Carbondale and St. Louis, respectively. The “representative’” profiles for the three
cities used in this study are shown in Tables 2 to 4. The resultant soil amplification as
function of frequency for the three cities are shown in thick linesin Figs. 4 to 6. It is seen
that while amplification at St. Louis is restricted to the high frequency range (> 3 Hz) due to
the very shalow soil layer on hard rock, the much deeper soil layers in Memphis and
Carbondale produce much larger amplification in the longer period range. For comparison,
the soil amplification at these three cities based on the well-known computer software
SHAKE is adso shown for bedrock ground motions of 10 % and 2 % probability of
exceedance in 50 years. The soil amplification factor used in 1997 NEHRP for soil
classification of B/C boundary is aso shown since this is the soil condition used for USGS
nationa earthquake hazard maps. Note that the quarter-wavelength model will give good
estimate of the averaged amplification and will miss the peaks and valleys. Also, it has a
tendency of overestimating the amplification in the high frequency range for ground motion



of very high intensity when effects of soil nonlinearity may be significant. In spite of these
limitatiors, the agreements, however, are generaly good. In passing, it is pointed out that
soil amplification considering nonlinear effects is an extremely complex problem. SHAKE
is the most widely used program but is based on an equivalent linear wave propagation
method. It is expected to yield good results when the excitation intensity is not very high and
the soil layer is not very deep. It is therefore expected to work better for the St. Louis soil
profile than those of Memphis and Carbondale. There are other truly nonlinear programs
available for this purpose. However, they have not been commonly accepted by engineers,
therefore are not used for comparison in this study.

Uncertainty in Attenuation

Path attenuation due to geometric radiation and material damping in the earth crust is
accounted for by semi-empirical formulae shown above. The uncertainty in the attenuation is
modeled by a lognormal distribution with the median value given by the above Diminution
Factor as function of distance and frequency. A coefficient of variation of 75% is assumed
for the attenuation in the smulation. To prevent unrealistic large variation, cut-off limits of
mean plus and minus three standard deviations are used.

Generation of Ground Motions, Uniform Hazard Response Spectra, and Selection of Suites
of Ground Motions for Performance Evaluation

The procedure of simulation is shown in Fig 7. In each simulation, the magnitude,
epicenter location, and focal depth are first generated according to the distribution for each
parameter (see also Fig. 3). For each event of given epicenter, focal depth, magnitude and
fault size (for magnitude-8 events), a ground motion is generated using the procedure
outlined in the foregoing a the three cities. For the point-source events, the Fourier
amplitude spectrum (Eqg.(1)) as a function of the distance from the source to the city and the
magnitude and distance dependent duration function are used to generate ground motion time
histories. For this purpose, the computer software SMSIM (Boore 1996) is modified to
include path attenuation uncertainty and soil amplification. The path attenuation factor is
generated from alognormal distribution. For the magnitude-8 events, the finite fault model is
used in which the dip distribution is simulated according to the spatially correlated random
field modd. Ground motions are then generated from each sub-fault and superimposed.
Ground acceleration time histories are generated for both ground surface considering the soil
profile and for bedrock (or rock outcrop) for the three cities for each event. The processis
then repeated for alarge number of events equivaent to 90,000 years of records.

This large number of ground motion time histories allows one to obtain the uniform
hazard response spectra (UHRS). At a given city, the response acceleration spectrum for
each time history is first calculated. The annual and 50-year probability distribution of
spectral acceleration for a given period is then obtained from which one can construct the
UHRS for a given exceedance probability. The UHRS can be used to evaluate the
performance of linear systems using method of modal superposition. That is, by modal
analysis, one can obtain the maximum structura response for a given probability level for
structural performance evaluation. For nonlinear systems, time history response analysis is
generally required since modal superposition principle no longer applies. For this purpose,



suites of ground motions for each probability level are selected. The selection criterion is
that the deviation of the median response spectra of the suite from the UHRS is minimized.
The median value is used for it is less sengitive to sample fluctuation and it alows simple
estimation of the underlying lognormal distribution parameter. To accomplish this, response
gpectral acceleration S, at 10 key structural periods of the ssmulated ground motions are
compared with those of the target UHRS for a given probability of exeedance. The ten
ground motions with the smallest mean gjuare logarithmic (log S) difference are selected.
The resultant suite will have a median spectral acceleration that best matches the target
UHRS. The matching of the spectral acceleration has been shown by Shome and Cornell
(1999) to be the most effective means of selecting ground motions for probabilistic nonlinear
structural demand analysis. For performance and fragility analysis of nonlinear structures,
one can calculate the structural response by time history analysis of the structure under the
suites of ground motions. The median response will have approximately the probability of
exceedance equal to that of the ground motion suite. A more detailed performance and
fragility analysis can be aso performed using the time history response and an appropriate
regression analysis (Wang and Wen 1999, Shome and Cornell 1999).

It is mentioned that the popular method of “de-aggregation” is not used is this study in
selecting the events for ground motion generation for the following reasons:

(1) De-aggregation works best when there is a dominant event of certain magnitude (M) and
distance (R) and not so well when the M-R ”landscape’ is flat. The favorable condition
does not necessarily prevail in al sites.

(2) De-aggregation is dependent on structural response and probability level, i.e. events of
spectral accelerations of different periods and different probabilities of exceedance have
different M-R “landscape” and hence could result in different de-aggregations and suites
of ground motions. It is suitable for purpose of performance evaluation of a particular
structure but not the general building stock of wide range of natural frequencies.

(3) Magnitude and distance are much less important, compared to spectral acceleration, in
terms of impact on the structura linear and nonlinear responses (Shome and Cornell
1999).

Limitations

As mentioned in the foregoing, and the source and path models and the quarter-
wavelength method do not explicitly consider effects of surface waves (e.g., Dorman and
Smalley 1994) and soil nonlinearity. Therefore, the change in frequency content with time
and the nonlinear soil amplification of the ground motions are not modeled in this simulation.
However, it is pointed out that comparisons of results by Boore and Joyner (1991,1996,1997)
with observations and analytical results generally show the robustness of their methods. Also
there have not been any efficient methods of modeling surface waves and nonlinear soil
effects that can be adapted in a large-scale simulation as required in this study. Finally, as
will be shown later that the uniform hazard response spectra based on the simulated ground
motions compare favorably with those of 1997 USGS national earthquake hazard maps and
the FEMA 273 recommendations. The response spectra ae the most important measure of
ground motion potential of causing severe structural response and damage. The UHRS and
suites of ssimulated ground motions generated by the proposed method, therefore, represent



reasonably well the seismic hazards to buildings and other structures in these three cities. As
efficient methods for modeling soil nonlinearity and surface waves become available, they
will be incorporated into the simulation method.

Results

Comparison Results of Point-Source Model with Broadband Model

The accuracy and the validity of the point-source model can be found in the literature
(Boore,1996). There have been no records of moderate to large events near any of the three
cities that can be used for comparison with the smulated ground motions. The closest is the
simulation results based on the broadband approach for St. Louis due to events of magnitude
6.5t0 7.5 in the NMSZ by Saikia and Somerville (1997). The broadband approach considers
the details of the geometry of the fault, rupture surface, and wave propagation for low
frequency motion and uses records for high frequency motion. For large-scale simulations, it
requires detailed information of each fault which is generally unknown and it is aso
computationally too expensive. The results of these two methods for a rock site at St. Louis
are compared. An event based on the point-source model is chosen whose source and path
parameters are comparable to those of the magnitude-7 event studied by Sakia and
Somerville. The response spectra of hard rock motions based on these two models are
compared in Fig.8. It is seen that agreements are good in the period range from 0.2 sec to 3
SEC.

Directivity Effects of Magnitude-8 Events

The near-source effects using the finite fault model are demonstrated by a comparison of
the ground motions a Memphis due to two simulated events, both of magnitude 8. The
location, size, and orientation of the faults are the same with a closest distance of 61.8 km
from the fault surface to the site. The epicenters, however, are located such that one is far
(186 km) from the site with the rupture propagating toward the site and the other closer (79
km) to the site with the rupture propagating generally away from the site (Figs.9 and 10).
Sample rupture surface 33 km' 140 km) dlip distributions based on the correlated random
field model and the corresponding discretizations for the finite fault model for the two events
are shown in the figures. The time histories of the ground motion for a soil site at Memphis
are shown in Fig.11 for both events. The directivity effects can be clearly seen that the
former produces a shorter but more intense ground motion due to the “Doppler effect” even
the epicenter is much farther away.

Uniform Hazard Response Spectra (UHRS) and comparison with USGS Hazard Maps and
FEMA 273 Recommendations

The uniform hazard response spectra (UHRS) is an efficient means of representing
seismic hazards for probabilistic performance (fragility) evaluation of linear structures and
nonlinear structures (e.g., Collins et al 1996). The UHRS for Memphis, Carbondale, and St.
Louis are obtained from the smulated ground motions. For a vaidation of the results, the
UHRS at Memphis obtained in this study are first compared with those of 1997 USGS
natioral earthquake hazard maps for B/C boundary soil classification (i.e. firm rock with an



average shear velocity of 760 m/sec in the top 30 m). This generic site condition facilitates
the comparison with previous studies by USGS and other researchers. Fig.12 shows the
UHRS for three probability levels for Memphis calculated from the simulated ground
motions. The spectral accelerations at three periods (0.2sec, 0.3sec, and 1.0 sec) according to
1997 USGS national earthquake hazard maps for Memphis are also shown in the figure. The
agreements are generaly very good. Since the input seismicity data to these two models are
essentially the same, the differences can be attributed to:

(1) The USGS study used a point-source model with the closest distance from the fault to
the gite for magnitude-8 events whereas a finite fault model with random location of the
epicenter within the fault is used in this study.

(2) For point sources, the one-corner-frequency source model was used in the USGS study
whereas the two-corner-frequency source model is used in this study (Eq.2) which has
been shown to give better fit to records in CEUS (Atkinson and Boore 1998)

The UHRS for the three cities with the “representative” soil profiles shown in Tables 2 to
4 are obtained and compared with FEMA 273 recommendations for design. FEMA 273
spectra are for design check and are based on the 1997 USGS nationa earthquake hazard
maps. There are five generic soil classifications according to the upper 30m of soil and the
amplification factor is largely based on empirical results of Loma Prieta and Northridge
earthquakes (e.g., Borcherdt, 1994). The UHRS for Memphis representative soil profile are
shown in Fig.13. It is seen that compared with those for the B/C boundary, the UHRS are
amplified amost by a factor of two for period greater than 1.0 sec. and reduced for T<0.3
sec due to the deep soil layer. The agreements are generally good for T>0.7 sec. The
differences for T< 0.5 sec. are partly due to the differences in the source models as
mentioned in the foregoing and partly due to the differences in soil amplification factors.
The UHRS for the Carbondale representative soil profile are shown in Fig.14. The
agreements are generally good. The UHRS for St. Louis representative soil profile are
shown in Fig.15. There are some major differences. Compared with the FEMA Class C
spectra, the UHRS are much lower for T> 0.2sec. and higher for T <0.2 sec because of the
comparatively thin (16m) layer of soil on rock. The current results are more in agreement
with the findings of Saikia and Somerville (1997) indicating a much lower seismic hazards
for St. Louis. It is pointed out that the actua soil profile in the St. Louis area may have a
wide variation and could differ significantly from the “representative profile’ used in this
study, especialy at locations close to the Mississippi River. Deeper soil layer causing larger
soil amplification at longer period is certainly possible at these locations. Ground motions at
the surface can be generated from the bedrock ground motions using a proper soil
amplification model when detailed information of soil profile is available.

Suites of Ground Motions for Memphis, Tennessee

For each of the two hazard levels, 10% and 2% in 50 years, ten ground motions are
selected from the large number of simulated motions such that the median spectral
accelerations best fit the target UHRS. The selection is done for both ground surface and the
bedrock (or rock outcrop). The suite of ground motion time histories for a 10% in 50 years
hazard are shown in Fig.16. The source (magnitude, epicentral distance, and focal depth) and
path (attenuation uncertainty) parameters associated with each ground motion are also shown
in the figure. It is seen that at this probability level, seven ground motions come from



magnitude-6 events at some distance, two from magnitude-5 events and one from magnitude-
8 event. The response spectra of the ten ground motions are shown in Fig.17 with the target
UHRS. The median constructed from the 10 sample ground motions and thel6-to-84
percentile band are shown. The uncertainty in the median response spectra in terms of the 16-

to-84 percentile band is about one third (1/+/10 ) of that shown in the figure. What it entails is
that the median value of structural responses under this suite of ground motions will have
very small uncertainty due to record-to-record variation and will correspond to a probability
of exceedance of 10% in 50 years. One can use it in the structural performance evaluation
with some confidence. The suite of ground motion time histories for a 2% in 50 years hazard
and the response spectra comparison are shown in Figs.18 to 19. It is seen that at such high
intensity and low probability level, all ground motions come from magnitude-8 events. The
scatters in the response spectra are larger but the maximum 16-to-84 percentile uncertainty
band for the median value is still around 10 % or less. The sample ground motion time
histories at rock outcrop (or bedrock) and the response spectra are shown in Figs.20 to 23.
Without the soil amplification, the frequency content is seen to shift toward shorter periods
and the spectral accelerations are generally much lower. These ground motions may be used
as inputs to soil amplification software to obtain surface ground motions when detailed
information of the site soil profile is available.

Quites of Ground Motions for &. Louis, Missouri

The time histories and response spectra of the suites of ground motions at St. Louis are
shown in Figs. 24 to 27.  The major feature of the surface ground motion is the lack of
amplification for period greater than 0.5 sec because of the thin soil layer. At the 10 % in 50
years level, nine ground motions come from events of magnitude 6 to 7. At 2% in 50 years
level, six come from magnitude-8 events with long duration. Smaller (magnitude 5 to 7) and
closer events with shorter duration make up the rest. There is comparatively a much larger
scatter at peak of the response spectra (period from 0.1 to 0.2 sec). The maximum 16-to-84
percentile band for the median, however, is still around 10 %. The ground motions and
response spectra for rock outcrop (or bedrock) are shown in Figs. 28 to3l. The
compositions of the suites are similar. The ground motion levels are lower.

Suites of Ground Motions for Carbondale, Illinois

The time histories and response spectra of ground motions suites for Carbondale, Illinois
soil sites are shown in Figs.32to 35.  Thereis a significant amplification of motion in the
long period range because of the deep and soft soil profile. At the 10 % in 50 years level, all
contributions come from events of magnitude 5.8 to 7.1. At the 2% in 50 years level, all
come from magnitude-8 events. The 16-t0-84 percentile bands are reasonably narrow. The
suite of ground motions and response spectra for rock site are shown in Figs. 36 to 39. The
trend is the same that compositions of the suites are similar to those for the soil site but the
intensities are much lower.
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Table 1. Weights for the Depth Distribution Model (Wheeler and Johnston, 1992)

Depth (km) Weight
0~5 0.250
5~10 0.500

10~15 0.050
15~20 0.050
20~25 0.015
25~30 0.135

Table 2. Representative Soil Profile of Memphis, TN

Layer | Soil column Thickness (m) | Vs(m/sec) | Density (g/cnT)
1| Alluvium 7.2 360 1.92
2 | Alluvium 4.8 360 2.00
3| Alluvium 149 360 2.08
4 | Loess 9.0 360 2.16
5| Fluvia Deposits 7.9 360 1.98
6 | Jackson Formation 47.3 520 2.08
7 | Memphis Sand 245.6 667 2.30
8 | Wilex Group 83.3 733 2.40
9 | Midway Group 580 820 2.50
10 | Bed Rock Half- Space 3600 2.80




Table 3. Representative Soil Profile of Carbondale, IL

Layer | Soil column Thickness (m) | Vs(m/sec) | Density (g/cnT)
1| Cahokis Alluvium 104 140 2.0
2 | Henry Formation 10.0 250 2.1
3 | Henry Formation 25.6 270 2.1
4 | Mississipi Embayment 119.0 280 2.3
5 | Pennsylvanian Limestone 835.0 2900 2.6
6 | Bed Rock Half-Space 3600 2.8

Table 4. Representative Soil Profile of St. Louis, MO

Layer | Soil column Thickness(m) | Vs(m/sec) | Density (g/cnt)
1| Modified Loess 57 185 1.9
2 | Glacio-Fluvial 10.0 310 2.1
3 | Mississipian Limestone 984.3 2900 2.6
4 | Bed Rock Half- Space 3600 2.8
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Figure 1. Annual occurrence rate per 0.1" 0.1 degree square of earthquakes of My, 5 or larger.
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Figure 7. Ground Motion Simulation flowchart.
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Figure 23. Response Spectra of 2% in 50 years Ground Motion Suite for Bedrock (Hard
Rock) and Comparison with Target UHRS, Memphis, TN.
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Figure 24. Suite of 10% in 50 years Ground Motions for Representative Soil Profile,
St. Louis, MO.
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Figure 26. Suite of 2% in 50 years Ground Motions for Representative Soil Profile,
St. Louis, MO.
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Figure 27. Response Spectra of 2% in 50 years Ground Motion Suite for Representative
Soil Profile and Comparison with Target UHRS, St. Louis, MO.
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Figure 28. Suite of 10% in 50 yrs Ground Motions for Bedrock (Hard Rock),
St. Louis, MO.
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Figure 28 (continued).
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Figure 33. Response Spectra of 10% in 50 years Ground Motion Suite for Representative
Sail Profile and Comparison with Target UHRS, Carbondale, IL.
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Figure 35. Response Spectra of 2% in 50 years Ground Motion Suite for Representative
Sail Profile and Comparison with Target UHRS, Carbondale, IL.
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Figure 36. Suite of 10% in 50 years Ground Motions for Bedrock (Hard Rock),
Carbondale, IL.
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Figure 37. Response Spectra of 10% in 50 years Ground Motion Suite for Bedrock (Hard
Rock) and Comparison with Target UHRS, Carbondale, IL.
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Figure 38. Suite of 2% in 50 years Ground Motions for Bedrock (Hard Rock),
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Figure 39: Response Spectra of 2% in 50 years Ground Motion Suite for Bedrock (Hard
Rock) and Comparison with Target UHRS, Carbondale, IL.
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